Turbulent Boundary Layer (TBL) induced noise is one of the dominant noise sources in modern aircraft, where classical materials are progressively being substituted by fiber-reinforced polymers. Although passive methods continue to be developed due to their straight realization in practical flight applications, they add additional weight and are also accompanied by some degradation in high-lift performance. We propose in this work to study the behaviour of insulating partitions composed of Micro-Perforated Panels (MPPs) subject to a TBL excitation, for replacing or complementing passive or active flow noise control solutions. We have carried out a set of simulations to establish a comparison between the performance of the MPP control devices when varying the physical configurations of the partition and the nature of the primary noise excitation. It can be shown that when exciting the partition with less correlated random loads, the corresponding TL increases progressively. For the model validation, experiments have been performed in the low-speed wind tunnel of the IRPHE Fluid Dynamics Laboratory in order to determine the acoustic and aerodynamic TL performance of a number of MPP multilayer partitions (double and triple layers) when subject to a TBL of free stream velocity 30.7 m/s. The effect of inserting a micro-perforated panel within the cavity at unequal distances from the front and back panels dampens more efficiently the Mass-Air-Mass controlled resonances of the Panel-Cavity-Panel system with respect to those of the MPP-Cavity-Panel system, already damped by the front MPP. This results in a higher TL difference between the triple and double partitions with a plain front panel, which is about 8 dB, with respect to the same configurations with a microperforated front panel, which is about 4 dB.
Introduction
The reduction of interior noise and vibration is an important issue in aircraft development towards improved comfort, safety and environmental friendliness. The attenuation of jet noise in the last decades has now focused the attention on airframe noise as a relevant noise contributor [1] . Efforts in noise control are directed towards turbulent flow around the airframe in cruise conditions, and for approach and landing operations [2] . Reduction of TBL induced noise in aircrafts has been studied for many years. Control methods developed for airframe noise reduction have included mostly passive elements, that can provide significant noise reduction, but also additional weight and may obstruct fast routine maintenance inspection. Several works have been presented in recent years concerning active noise control techniques to complete the efficiency and effectiveness of passive methods in the low frequency range. Active Structural Acoustic Control and Active Vibration Control have been used [3] to control transmitted sound power. Other advances in active flow control have also included control by plasma actuator [4] as well as air blowing and suction [5] . Although these are promising techniques, they are still at primitive stage and applied in laboratory conditions. Overall, low-frequency components are difficult to control with the constraints imposed in added mass and consumption.
To overcome these restrictions, some researchers have investigated the use of perforated panels, mainly for silencers in duct configurations. In 1972, Ffowcs Williams [6] was already concerned about the additional noise generated by perforated screens inside flow duct and proposed equivalent source models to describe the phenomena. These models were verified experimentally by Nelson [7] who found a relation between the generated noise and the Strouhal number based on the holes perforation diameters. More recently, other works have compared the Insertion Loss of perforated and non-perforated panels duct mufflers [8] . In this work we continue exploring the use of these devices when reducing the diameter of the perforations and thus increasing the acoustic resistance. Micro-Perforated Panels (MPP) are alternative solutions for situations when porous components are excluded due, for instance, to the presence of a mean flow. Typical MPPs are composed of a panel with sub-millimetric holes backed by a cavity. The physical parameters defining the acoustic properties of the screen are the thickness, the size of the perforation and the perforation ratio or porosity [9, 10] . The backing cavity depth has to be chosen to build the Helmholtz-type resonance. Although many works have been restricted to the study of infinite layer considering only the absorption performance of these materials, a more complete description has been developed in recent years considering the finite dimensions of the partitions, the vibrating response [11] and their transmission properties [12] .
The aim of the work presented here is to analyze the acoustic behavior of multiple-layer MPP partitions excited by either an acoustic or an aerodynamic disturbance. The analysis of the transmission properties is of relevance to aircraft interior noise problems. Section 2 presents a modal formulation for the prediction of the structural-acoustic response of the partition for excitations with different spectral properties. Simulation results based on the proposed methodology will be verified in Section 3 against measurements carried out in a low-speed wind tunnel. The Transmission Losses (TLs) induced by different physical configurations and excitations will be calculated and measured. The proposed methodology could be used to propose guidelines and recommendations for the design of MPP-based aircraft panels, whose insulating properties would be optimized against aerodynamic noise.
Analytical modal description
A fully-coupled modal formulation is presented that accounts for the effects of the sub-structure volumetric resonances on the acoustical properties of the partitions. Simulation results have been calculated for the prediction of the transmission behaviour of different configurations.
Double-panel MPP model
The system to be analysed is outlined in Fig. 1 . It is composed of a double-layer partition with a skin MPP with a backing cavity that can also be filled with a porous material. The response of the partition is predicted in terms of the modal series of the sub-systems involved. It is a generalization of the work developed by Dowell et al. [13] for the study of a coupled panel-cavity systems. The structural-acoustic response of MPP partitions, assuming a time dependence of t j e ω , is expressed in term of the acoustic and structural modes as The boundary condition on the MPP surface involves the acoustic impedance of each aperture, given by Maa [9] , = r . Using Green's Theorem for the acoustic variational problem as well as the continuity conditions at the boundaries and the orthogonality of the mode shape functions, we obtain a set of coupled algebraic equations satisfied by each of the partition subsystems. The detailed procedure for the solution has been outlined elsewhere [11, 12] and will not be repeated here. The system of equations can be expressed in matrix form as
where M and S are diagonal mass and stiffness matrices of the whole system. C is a sparse coupling matrix that reads
, in terms of L and H , respectively the panel-cavity and cavity-hole-cavity modal coupling matrices. e Q is the generalized modal excitation vector and
is the vector of the unknown complex modal amplitudes. We have considered three models for correlated random field excitations, namely a diffuse field [15] , a TBL, and a totally decorrelated random process defined by a Cross Spectral Density (CSD) equal to the identity matrix, also termed "rain-on-the-roof". The CSD between the pressures measured at two wall-mounted microphones beneath a TBL is assumed to be that of the Corcos model [14] ( ) ( ) 
, where x α and y α are empirical constants taken to be respectively 1.2 and 8. The spectrum of the acoustic power radiated by the transmitting back panel is defined as [16] ( )
where
is the CSD function between the pressures and the normal velocities radiated over the surface of the transmitting panel P. The spectrum of the incident power is provided by [16] [ ] 
with 
Numerical results with a random excitation
The previous equations have been implemented in a Matlab program and have been used for the prediction of the TL of the double MPP-partition when excited by different random fields. We have considered the three cases described in the previous sub-section: a "rain of the roof", a TBL and a diffuse field. The dimensions for both panels have been taken to be and a Poisson ratio of 0.3. The front or skin panel is microperforated with circular holes of 0.5 mm diameter, with a perforation ratio of 0.52%. The radiating or trim plain panel is also made of steel, with a thickness of 0.7 mm. The depth of the separating cavity between the two vibrating structures has been fixed to 0.15 m, so that the Helmholtz-type resonance of the double-panel is at 216 Hz and the Mass-Air-Mass cavity resonance is at 86 Hz. We have calculated the TL for the partition when subject to rain-on-the-roof, to a TBL with different freestream velocities and to an acoustic diffuse field. The results are presented in Fig. 2 . As it can be observed, the TL increases progressively when the partition is forced by less and less correlated random excitations. A physical explanation is provided if one considers that the correlation functions of those random excitations with decreasing correlation area couple less and less efficiently with the front panel-controlled modes when they are resonant. Therefore, the sound power radiated by the trim panel decreases and the TL increases. A series of simulations have also been carried out for different configuration partitions excited by a TBL. Although the results are not included here for brevity, it can be pointed out that the transmission performance of the MPP-Air Cavity-Panel system excited by TBL could be further improved by optimizing its constitutive parameters whilst imposing non-positive mass variation of the insulating system.
Measurements of the aerodynamic TLs
To validate the previous results, we have carried out a set of measurements in the low-speed S1 wind tunnel of the IRPHE Fluid Dynamics Laboratory. The free-stream velocity has been maintained equal to 30.7 m/s in all cases, and different physical configurations for the acoustic partitions have been installed in the test section. We will first describe the experimental facility and compare the measured results with the analytical predictions.
Description of the low-speed wind tunnel
A picture of the low-speed flow tunnel is presented in Fig. 3 . The test section of the closed-loop wind-tunnel is 7 m long and has a square cross-section equal to A first step before carrying out the measurements is to verify the flow properties inside the experimental installation. The mean flow velocity profile for different free-stream velocities have been determined with a calibrated DANTEC 55P11 hot-wire probe along a normal to the top wall. A series of wall-pressure spectral density measurements were also performed upstream, downstream and over the test section for rigid and microperforated surfaces using a flushmounted pinhole microprobe GRAS 40SC. Modulus and phase of the spanwise and streamwise cross-correlation functions were acquired using two flush-mounted microprobes sequentially located at 39 streamwise, 9 spanwise and 11 diagonal (45°) positions, all separated by 0.5 cm. The convection velocity was estimated from measurements of the phase difference ϕ ∆ between two adjacent microprobe positions. We observed an overall good correlation between the measured and predicted cross-correlation properties of the TBL wall-pressure fluctuations along both the streamwise and spanwise directions. It well correlates with the Corcos model provided that the empirical coefficients x α and y α are updated and made frequencydependent. It has been found that TBL second-order statistics were homogeneous and do not depend on a specific point over the panel.
Comparison with analytical results
The radiated sound power was measured from a discretized version of Eq. (6). It required simultaneous measurements of the near-field pressure and normal velocity radiated by the back panel into an acoustically treated enclosure that can be seen Fig. 3 plugged onto the windtunnel test section via the partition. These measurements were done with two USP MicroFlown sensors [17] whose output signals allowed to estimate the CSD matrix We have also carried out experiments with a pure acoustic excitation in the no-flow case using a loudspeaker located in the test section 3m ahead of the test panel towards the convergent. It was driven by a white noise signal between 10 Hz and 5 kHz. The influence of both types of excitations is presented in Fig. 5 . As already noted, the MPP-Cavity-Panel (as well as the other types of partitions) are less efficiently excited by a subsonic TBL than by an acoustic diffuse field resulting in a higher aerodynamic TL that exceeds the acoustic one by up to about 20 dB. 
Conclusions
In this work we have studied the transmission properties of MPP partitions to aeroacoustic excitations. We have formulated an analytical model based on a fully-coupled modal expansion of each constituting system. They have been used to analyze different set-ups and different types of correlated excitations. In particular, a diffuse field, a TBL and a "rain on the roof" excitation have been considered. When plotting the transmission properties of these configurations, it has been verified that the TL values increase progressively when considering less correlated random excitations. A set of measurements has been carried out for the verification of the theoretical predictions in a low-speed wind tunnel with different multilayer partitions subject to a low speed TBL of free stream velocity of 30.7 m/s. Prior aerodynamic measurements were performed to determine that the TBL excitation was homogeneous. The radiated sound power was measured from simultaneous measurements of the near-field pressure and normal velocity radiated by the back panel into an acoustically treated enclosure plugged onto the wind-tunnel via the partition. Comparisons between measurements and predicted analytical results have been presented first for the double-panel configurations with a front panel eventually micro-perforated. One observes an overall agreement between the measured and predicted results, especially above 700 Hz with an excess TL of about 8 dB when the front side is not microperforated and a a negligible influence of the microperforations on the TL below 200 Hz. Experiments have also been performed for a pure acoustic excitation of the MPP partition in the no-flow case. A whitenoise driven loudspeaker has been located in the test section upstream of the test panel. It was observed that the partition is less efficiently excited above 200 Hz by a subsonic TBL than by an acoustic diffuse field resulting in a higher aerodynamic TL that exceeds the acoustic one by up to about 20 dB. The absorption properties of those MPP partitions are currently examined under a TBL excitation.
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